1. The dormant eggs of Daphnia (Crustacea: cladocera) are encased in a protective, chitonous casing known as an ephippium. Ephippia are pigmented with melanin, and the degree of pigmentation ranges from transparent to opaque. Variation in pigmentation exists within and across populations and species, raising questions about the factors that influence the natural distribution of pigmentation. 2. We used image analysis to quantify pigmentation in ephippial casings of Daphnia pulicaria that were produced both in the field and in the laboratory. The percentage of the surface area of ephippia that is darkly pigmented ranged from 0.5 to 99.5%. The range, mean and variance of ephippial pigmentation varied across our 11 study lakes. 3. Laboratory experiments compared clonal variation (five clones/lake) and population variation (five lakes) at three temperatures (15°C, 20°C and 25°C). The degree of pigment variation between clones was much greater than pigment variation between temperatures, indicating that there is a genetic component to pigmentation in the ephippia which is stronger than the effect of temperature. 4. Comparisons of pigment levels and lake characteristics were used to identify physical and biological factors associated with ephippial pigmentation. Investment in ephippial production was the strongest predictor with darker ephippia occurring more often in lakes with the highest ephippial production.
Introduction
Pigmentation frequently varies among individuals, populations and species and is known to be associated with numerous functions. Among freshwater zooplankton, pigment variation has been documented in numerous species, but the majority of research investigating the adaptive function of pigmentation has focused on carotenoid pigmentation of calanoid copepods and cuticular melanisation of the cladoceran, Daphnia. Many of these studies have attributed variation in pigmentation to tradeoffs between increased protection from ultraviolet radiation (UVR) and increased predation by visual planktivores (Hairston, 1979; Luecke & O'Brien, 1981; Byron, 1982) . Among North American Daphnia, the ability to deposit melanin along the dorsal region of the carapace appears to be restricted to four species, and this trait is only expressed in populations living in arctic, alpine and costal sand-dune habitats (Colbourne, Hebert & Taylor, 1997) . The high cost of melanin synthesis has been suggested as one reason why melanic forms of these species are not found in habitats with lower UVR exposure (Hebert & Emery, 1990) . All species of Daphnia, however, possess the ability to incorporate pigmentation into the chitinous casing (ephippium) surrounding the dormant eggs (Hebert & Emery, 1990) . Given the known costs and benefits of cuticular melanisation in adults, it seems likely that the same tradeoffs may apply to ephippial pigmentation.
The degree of pigmentation in the ephippium could have multiple impacts on the encased eggs. Combinations of light and temperature cues are known to induce the development of dormant Daphnia eggs (Pancella & Stross, 1963; Stross, 1966; Ferrari & Hebert, 1982) and increased pigmentation could reduce the amount of light reaching the encased embryos. Ephippial pigmentation may also increase the risk of predation by visually orienting predators. Mellors (1975) found that fish selectively preyed upon adult Daphnia galeata mendotae (Birge) carrying darkly pigmented ephippia over females with lighter ephippia. However, he also found that eggs in dark ephippia were more often intact following gut passage through fish, suggesting a possible benefit from increased pigmentation. Factors such as protecting the dormant embryos from UVR and camouflage against predation in the benthos are also possibly important, given what is known about pigmentation in other organisms (Burtt, 1981; Majerus, 1988; Tucker et al., 1996) . However, the potential costs and benefits of pigmentation in ephippia have been generally ignored by all but Mellors (1975) . This oversight is unfortunate given that ephippial embryos can be long-lived (decades or centuries) and may play an important role in the ecology and evolution of Daphnia populations (Wolf & Carvalho, 1989; Cáceres, 1997 Cáceres, , 1998 Brendonck, De Meester & Hairston, 1998) .
In this study, we addressed potential causes and consequences of ephippial pigmentation in naturally occurring populations of Daphnia. We first documented the range of pigment variation in the ephippia of 11 populations of Daphnia pulicaria (Forbes) from southwest Michigan. We used laboratory experiments to assess the relative importance of genetic versus temperature control of the documented pigmentation variation. Finally, we investigated the potential correlation of several factors (e.g. Daphnia life history, predatory invertebrates, exposure to UVR) with the average pigment levels found in each population.
Methods

Among-lake variation in ephippial pigmentation
To determine the range of pigmentation in natural populations, we measured pigmentation levels in ephippia from the sediments of 11 glacial kettle lakes in southwest Michigan, U.S.A (Barry and Kalamazoo Counties) that vary in surface area (4.8-67.6 ha) and maximum depth (9-15 m). The zooplankton assemblage of each lake is dominated by D. pulicaria during spring. All but one of the lakes (Little Long Lake) stratify thermally in summer and several of the stratified lakes experience hypolimnetic anoxia by midsummer.
In August 2000, sediments were collected with an Ekman dredge from five lakes (Bristol Lake, Lawrence Lake, Little Long Lake, Three Lakes 2, Warner Lake). Two samples were taken in the deep region of each lake and the top 2 or 3 cm of sediment were kept for analysis. As part of a larger study, in June 2000 three sediment cores (inner diameter ¼ 7.3 cm) were collected by SCUBA in deep water from six additional lakes (Baker Lake, Bassett Lake, Cloverdale Lake, Little Mill Lake, Pine Lake, Whitford Lake), and the top 2 cm of sediment were retained. We do not know the sedimentation rates in these lakes, but in other lakes, the top 2-3 cm of sediments represent >3 years of sediment or egg accumulation (Hairston et al., 1995; Francis, 1997) . Most likely, all of our samples incorporate multiple years of ephippial deposition. To prevent hatching and breakdown of pigments during storage, sediment samples were immediately frozen after collection and transported to the laboratory for analysis. Thawed samples were sieved through a 250 lm mesh and all D. pulicaria ephippia containing two eggs were removed from the sediments. We collected at least 50 ephippia from each lake, unless low densities precluded doing so (samples from Pine Lake and Baker Lake contained <50 ephippia).
To estimate the amount of visible pigmentation, we acquired a digital image of one surface of each ephippium using a black and white digital camera (Panasonic: wv-BP314; Matsushita Electric Corp., Secaucus, NY, U.S.A.) mounted on a compound microscope. Only one surface was used because pigmentation on both sides appeared symmetrical. Using standardised settings (4x, constant focus and light levels), the camera was linked into the computer image program D A Z Z L E D A Z Z L E 3.6 (Dazzle Multimedia Inc., West Fremont, CA, U.S.A.). Microscope light and focal settings were chosen to optimise the contrast between light and dark regions on the ephippia, and by using preset threshold levels in O PT I M A S O PT I M A S 6.1 (Optimas Corp., Bothell, WA, U.S.A.), dark regions were highlighted and measured quantitatively (Fig. 1) . Data are presented as the percentage of the surface area of an ephippium that falls within the dark luminance range (% dark). Statistical analysis consisted of a one-way A N O V A A N O V A using S A S S A S 8.1 (SAS Institute, 1996) , with % dark as the dependent variable and lake as the independent variable. From the image analysis it is possible to quantify the visual amount of pigmentation, which provides a representative distribution for most of the lake populations. However, it is possible that the darkest ephippia vary in the amount of pigment they contain and that this difference was not detectable using image analysis.
Genetic versus environmental control of pigmentation
To assess the relative importance of genotype versus environment on ephippial pigmentation we conducted a laboratory experiment that exposed D. pulicaria clones from several lakes to three temperatures. Temperature was manipulated in this experiment based on previous literature that documented increased melanin accumulation over time in the adult Daphnia carapace (Hebert & Emery, 1990) . At colder temperatures female Daphnia shed ephippia at a slower rate (Armitage & Landau, 1981) , potentially allowing more time for melanin accumulation. We used a 5 (lake) · 5 (clone) · 3 (temperature) factorial design.
Prior to the start of the experiment, we sorted 50 D. pulicaria ephippia (two eggs each) with varying pigmentation from the sediments of each of the five lakes that had been sampled with the Ekman Dredge in August 2000 (Bristol Lake, Lawrence Lake, Little Long Lake, Three Lakes 2, Warner Lake). Ephippia were placed individually into 5 mL tissue culture wells with filtered Warner Lake water (Gelman A/E) and incubated at 10°C, 12L/12D to induce hatching. Freezing did not appear to have any effect on the viability of eggs from either light or dark ephippia (G.A. Gerrish & C. Cáceres, unpublished data) . We monitored emergence every other day for 1 month or until enough animals were available for the experiment. Daphnia pulicaria produce ephippial eggs through sexual reproduction, and we used one hatchling per ephippium to initiate the experiment. Hence, there is an extremely high probability that all individuals used in the experiment were unique genotypes.
Following emergence from dormant eggs, five D. pulicaria clones from each lake were placed into individual beakers with filtered Warner Lake water (Gelman A/E). The ex-ephippial neonates were allowed to mature and reproduce through three generations to reduce maternal and local environmental effects (Lynch & Walsh, 1998) . For each clone, we then separated 45 third generation offspring into nine beakers (five animals/beaker, three replicates/ treatment, three treatments). Each beaker was randomly assigned to a Percival environmental chamber set at 15°C, 20°C or 24°C. Temperatures were chosen based on preliminary results that indicated high mortality occurred above 24°C and below 15°C under our experimental conditions. Also, temperatures between 15°C and 24°C are common late spring epilimnion temperatures in these lakes during the time of ephippia production.
The five D. pulicaria in each beaker reproduced through multiple generations until densities reached approximately 30 animals/150 mL, after which Fig. 1 To quantify fraction of the surface area that was darkly pigment (% dark), image analysis was used to highlight the dark portion of the ephippial image and quantify dark/total ephippial area.
cultures were culled every other week to maintain this density. Animals began to produce ephippia in the beakers 3 weeks after the start of the experiment. Once a week for eight subsequent weeks, we collected all ephippia produced in each beaker and froze them for later analysis. To reduce chamber effects, beakers and the associated temperatures were rotated among chambers every 2 weeks. Water was changed in beakers every 2 weeks to minimise bacterial growth. Daphnia were fed Scenedesmus acutus in excess (4 · 10 4 cells Daphnia
) every other day. Levels of pigmentation were quantified as described above. Statistical analysis was conducted using S A S S A S 8.1. The data were analysed as a three factor mixed model A N O V A A N O V A with 'clone' nested within 'lakes'. Temperature was treated as a fixed factor while lake was a random factor. Replicates within cells were the three beakers at each temperature for each clone. Mortality during the experiment resulted in missing data, hence we used the default, restricted maximum likelihood method (REML),
S A S 8.1 to allow for proper approximation of F-tests for fixed effects (see discussion in Stewart-Oaten, 1995) . Probabilities and SE for random variables (lake, clone within lake and all interactions) were estimated using a Wald Z-test (Littell et al., 1996) .
Lake characteristics and the distribution of ephippial pigmentation
Although determining whether or not the documented pigment variation in our lakes is adaptive was beyond the scope of this study, it is likely that many of the factors that select for increased or reduced pigmentation in adult zooplankton may also contribute to pigment variation in the ephippia. Hence, we measured multiple variables in each lake and compared all factors using multiple regression (SAS S A S 8.1) with the median value of pigmentation from each lake as the dependent variable. The median % dark was calculated from our field survey of populations. Assumptions of normality and multicollinearity were also tested using S A S S A S 8.1. We used three regression selection techniques (maximum R 2 , root mean square (RMSE) and Mallow's Cp) to identify which predictors explained significant variation in pigmentation levels. We used six descriptors for each lake: maximum depth, surface area, sediment composition, benthic invertebrate assemblage, UVR penetration, and the population's relative investment in ephippia (as opposed to immediately hatching eggs). We chose to measure lake variables that were likely to be associated with ephippial pigmentation. Based on observations of pigmented adult Daphnia occurring more commonly in small, shallow water bodies (Hebert & Emery, 1990) , we chose to use depth and surface area as variables in our regression. Maximum depth and area for all lakes except Lawrence Lake and Warner Lake were obtained from reprints of Department of Natural Resources (DNR) maps (Anonymous, 1991a,b) , and the data for Lawrence Lake and Warner Lake were obtained from Osenberg et al. (1988) . If pigmentation functions to camouflage ephippium in the sediments from visual predators, the type of sediment could impact the range of expected pigmentation. Therefore, sediment composition was recorded from DNR maps (Anonymous, 1991a,b) and observations of sediments during the processing of sediment samples. We classified the dominant sediment type in each lake based on its colour and consistency into five groups with one representing highly organic, dark sediments and five representing lighter sandy sediments.
Invertebrate predators could be a strong means of selection on pigmented or non-pigmented ephippia (Gerrish, 2001) . Therefore, three invertebrate samples from the shoreline region (0-1.5 m water depth) of each lake were collected using a standard D-net and pooled into a single sample. Relative abundance of all invertebrate genera taken from the pooled sample was documented in the field. Based on natural divisions in a cluster analysis, lakes were qualitatively divided into five classifications with no. 1 being low invertebrate diversity (£3 genera) and abundance (£3 individuals) and no. 5 being lakes with abundant and diverse ( ‡10 genera with densities ‡20 individuals) invertebrate communities.
Experiments have shown that increased pigmentation in adult Daphnia can limit the harmful effects of UV radiation. We, therefore, measured UV light penetration as a potential environmental factor that could be correlated with ephippial pigmentation. During May and June 2001, on cloudless days between 1245 H and 1445 H, light readings were taken at 0.25-0.5 m intervals with no filter (full spectrum) and again with a <395 nm filter (no UVR) using a radiometer (International Light IL1700). The difference between the full spectrum and filtered sets of measures is the amount of UV-radiation (200-395 nm). We converted UVR into an attenuation coefficient by calculating the slope of the linear regression of the natural logarithm of downwelling irradiance (Wetzel, 1983) .
To evaluate the ratio of sexually-produced ephippial eggs versus asexually-produced, non-diapausing eggs, we took weekly vertical tows in each lake during the summer of 1999. For each lake, we calculated the investment in dormancy as the fraction of clutches in each sample that were dormant eggs (ephippia) relative to the total number of clutches (diapausing and immediately hatching eggs). Annual estimates of diapause investment for each population were then approximated by calculating the area under the plot of clutches that were dormant on each sampling date, which summarises the data over the entire year into one value per population.
Results
Among-lake variation in ephippial pigmentation
In the survey of 11 lakes, we found pigment variation in the ephippia of four species of Daphnia (D. pulicaria, D. ambigua, D. dentifera, D. dubia) but we only quantified pigment levels for D. pulicaria. The percentage of the surface area of each ephippium that was darkly pigmented ranged from 0 to 100% and varied significantly among lakes (F 10, 1568 ¼ 113.24, P < 0.0001, Fig. 2) . Baker, Lawrence and Pine Lakes had a relatively high proportion of pale ephippia whereas Cloverdale, Bristol, Warner and Little Long Lakes had many dark ephippia (Fig. 2) . Ephippia from Little Mill, Three Lakes 2, Whitford and Bassett Lakes peaked at intermediate levels of pigmentation. The lakes also varied in the range of pigmentation they contained. For instance, in Baker Lake all the ephippia collected were very pale and ranged between 0 and 30% dark, whereas in Lawrence Lake the ephippia exhibited nearly the entire range, 0-90% dark.
Genetic versus environmental determination of pigmentation
We began the laboratory experiment with five clones from each of five lakes for a total of 25 clones, but all possible treatment combinations were not used in the analysis. Because of high initial mortality, only 21 clones survived to produce ephippia. Also, some clones produced ephippia but not in all replicate beakers, and there were considerable differences in the number of ephippia produced by each clone at each temperature. Some clones produced many ephippia at two of the temperatures (>30 ephippia/ beaker) and none at the third. Three clones (the lightest clone from Lawrence, the darkest clone from Little Long, and the mid-level clone from Bristol) produced ephippia only in one beaker at one of the temperatures and therefore had no replication with which to calculate variance. In total, we used 5137 ephippia that were collected from 18 clones in the statistical analysis.
With temperature as the environmental variable that was experimentally manipulated, over 80% of the pigment variation observed in laboratory-produced D. pulicaria ephippia was determined by genotype (Fig. 3, Table 1 ). Over all experimental clones, pigment levels ranged from 5 to 95% of the surface area being darkly pigmented. However, within any single clone the greatest range in pigmentation was £24%. Although, temperature also had a significant effect on the level of ephippial pigmentation (Table 1) , only 1.7% of the total variation was attributable to temperature differences. Temperature also had different effects on individual clones (Table 1) . Many clones, especially those with darker ephippia, showed very little or no change across temperatures while several of the clones with lighter ephippia exhibited more variation between temperatures (Fig. 3) . Of the clones that did exhibit pigment variation between temperatures, most trends were in the predicted direction of having darker ephippia at colder temperatures; only one Warner Lake clone showed an increase in pigmentation in warmer temperatures.
Broad sense heritability of pigmentation in each of the three experimental temperatures was estimated as variance among clones (genetic variance) relative to total variance within and among clones (phenotypic variance) (Lynch & Walsh, 1998 
Lake characteristics and the distributions of ephippial pigmentation
We investigated relationships between ephippial pigmentation and a variety of lake-specific Pigmentation in Daphnia ephippia 1975 environmental variables (Table 2) . Variance inflation factors were investigated to identify whether any single predictor was strongly influencing the other predictors in the analysis. For all predictors included in the best-fit regression, the variance inflation factors were well below the value at which multicollinearity is of concern (SAS Institute, 1996). The best-fit regression model included investment in ephippial production, lake depth and lake surface area as predictors for the pattern observed in 3 Reaction norms for the percentage of the surface area of each ephippium that was darkly pigmented (% dark) under three experimental temperature regimes (15°C, 20°C and 24°C). Lakes are categorised by symbol and each line represents a single clone from that lake. Not all clones produced ephippia at all temperatures, therefore some lakes have fewer than five clones represented, or lack data for all three temperatures. Data are mean ± 1 SE (when estimable). Table 1 Analysis of variance indicates a large genetic component determining pigmentation variation in ephippia and that the impact of temperature, although less strong, is significant. In our laboratory experiment, variance components and P-values were calculated by restricted maximum likelihood in P R O C M I X E D P R O C M I X E D , S A S S A S 8.1. For the fixed effect of temperature, P-values were based on a standard F-test. For random effects ('clones' within 'lake' and all interactions), P-values were calculated based on a Wald Z-test. No Wald Z-test is available for 'Lake' because there is no associated variance. If 'Lake' is treated as a fixed variable and tested with the F-statistic it is non-significant (P ¼ 0.542) Pigmentation in Daphnia ephippia 1977 depth and area were much weaker predictors than investment in ephippial production, they did contribute to the prediction of ephippial pigmentation levels in the observed lakes. Lake depth and area were also positively correlated with pigmentation, indicating that the smaller, shallower lakes contained lighter ephippia.
Discussion
We found pronounced variation in ephippial pigmentation both within and among populations of D. pulicaria in southwest Michigan. The laboratory experiments demonstrate that the amount of pigmentation incorporated in the ephippium has a large genetic component, but temperature and the genotype by temperature interaction also play a role in ephippial pigmentation. Environmental factors other than what we considered in our experiment (e.g. light, food, chemical signals, etc.) may also influence the natural distribution of ephippial pigmentation. However, our field surveys indicated that there was no association between the average level of pigmentation found in each lake and most of the environmental variables that we measured. Pigmentation was, however, strongly correlated with our measure of investment in the production of ephippia. This correlation suggests that the factors that result in increased pigmentation likely covary with the environmental factors that select for increased investment in dormancy. We found striking differences in both the mean level and overall range of ephippial pigmentation across multiple populations of D. pulicaria in the same geographical area. Although lake-specific environmental factors likely contribute to these differences, given the strong genetic contribution to ephippial pigmentation that we found in the laboratory, there are at least two other but not necessarily mutually exclusive explanations for this pattern: founder effects or local adaptation to systems with different selection pressures. Both of these factors are known to influence the distribution of many life history traits in Daphnia and other zooplankton (e.g. De Meester, 1996; Tessier & Leibold, 1997; Lynch et al., 1999) . If little or no gene flow exists between lake populations, the level of pigmentation observed in current populations may have been determined by the genotypes of the initial colonisers. Although the ephippial eggs can withstand severe conditions, and it is known that ephippia can be dispersed among lakes by a number of vectors (Maguire, 1963; Proctor, 1964; Mellors, 1975; Cáceres & Soluk, 2002) , potential dispersal ability is not necessarily a good predictor of gene flow (Boileau, Hebert & Schwartz, 1992; De Meester et al., 2002) . In fact, populations inhabiting ponds that are only meters apart often have radically different genetic structures (Boileau & Taylor, 1994; Declerck, Cousyn & De Meester, 2001) .
For these lakes in southwest Michigan, proximity to one another or accessibility to human-mediated dispersal does not appear to be associated with the distributions of ephippial pigmentation. For example, Baker and Basset Lakes, as well as Pine and Cloverdale Lakes are pairs of lakes that are located within 1-2 km of one another, yet appear at opposite ends of the pigmentation gradient. The fact that differences in pigmentation are maintained across systems, despite the potential for dispersal suggests strong selection. There are many potential selective factors that may differ among the lakes and result in the observed pattern of pigment distribution. In the water column, even lakes within the same geographical region can differ dramatically in UVR exposure, presence of natural enemies or the availability of resources [Williamson et al., 1996; North Temperate Lakes-Long-Term Ecological Reasearch (NTL-LTER), 2003] . Once the female releases the ephippium and it reaches the sediment, the dormant eggs may experience variation in temperature, UVR exposure, anoxia and benthic predators (Cáceres & Hairston, 1998) . Laboratory experiments indicate that when light and dark ephippia are offered to the amphipod Gammarus lacustris, the handling time for consuming darkly pigmented ephippia is twice as long as for light ephippia (Gerrish, 2001) . Among-lake variation in the presence of Gammarus is thought to have influenced the recovery of Hesperodiaptomus populations from diapausing eggs in two Canadian lakes (Parker, Wilhelm & Schindler, 1996) .
Although depth and area were the most significant environmental variables in the regression, they were not highly correlated with ephippia pigmentation. However, lake morphometry is a strong determinant of many ecological factors (Sanderson & Frost, 1996; Vinni et al., 2000; Tessier & Woodruff, 2002) including the ability of adult Daphnia to persist in the water column year-round (as opposed to entering dormancy) (Wright & Shapiro, 1990; Tessier & Welser, 1991) . We did find a strong correlation between average ephippial pigmentation in the field and the relative investment in ephippia in a particular lake. This correlation, however, is likely the result of coinciding selection pressures, rather than a direct causal relationship. Ephippia are the primary means of genetic recombination, spatial dispersal and temporal dispersal (Proctor & Malone, 1965; Hebert, 1978; DeStasio, 1989; Hairston et al., 1995; Cáceres, 1998) , so there are many potential selective pressures that correspond to both seeking refuge in dormancy (investment in ephippial production) and ephippial pigmentation. In our study systems, the lakes with the highest investment in dormancy tend to be those systems in which the D. pulicaria population does not persist in the water-column year round (C.E. Cáceres & A.J. Tessier, unpublished data) . An increase in natural enemies, decline in available resources and lack of available refuge all contribute to the midsummer decline of the populations (Tessier & Welser, 1991) . Increased pigmentation in the ephippium may contribute to increased defenses in the dormant egg against conditions such as predation, UVR exposure or parasites (Proctor & Malone, 1965; Mellors, 1975; Ślusarczyk, 1999; Barnes & Siva-Jothy, 2000) .
In our laboratory experiment, we found the same range of ephippial pigmentation as in the field survey. Although other, untested environmental variables (light, food, water composition, etc.) could influence the expression of the genotype, the amount of variation inherent in the genome is enough to create the variation observed across lakes. In fact, the mean pigmentation of ephippia collected from the field was not significantly different from the mean of those produced in the laboratory in three of the five populations (G.A. Gerrish & C.E. Cáceres, unpublished data) . Most of the variation in laboratoryproduced ephippia was the result of differences among clones, resulting in an extremely high estimate of broad sense heritability (average H 2 ¼ 0.77) for ephippial pigmentation. In Daphnia, prior estimates of broad sense heritability of traits such as size at birth, body size, clutch size and age at maturity have ranged from <1 to >80%, and are known to be environmentdependent (Ebert, Yampolsky & Stearns, 1993; Spitze, 1995) . Our design did not allow for the estimation of additive genetic variance or narrow-sense heritability, parameters that are necessary to predict both the ability of a population to respond to selection and the factors contributing to maintaining variance in the trait (Houle, 1992) . Although some traits in Daphnia have very high additive genetic variance (Ebert et al., 1993) , documented inbreeding depression in Daphnia suggests that non-additive variance can also be an important factor in many populations (Spitze, 1995) . Hence, estimates of narrow-sense heritability in Daphnia can be much lower than the broad-sense estimates for the same trait (Ebert et al., 1993) . To pursue questions concerning the evolutionary significance of pigmentation, and in particular the trait variation upon which selection can act, an essential next step will be to quantify additive genetic variance (Lynch & Walsh, 1998) .
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In the laboratory, temperature significantly influenced amount of pigmentation expressed in the ephippium, but the fraction of variation attributable to temperature was minimal. Most of the clones that varied significantly across temperatures produced darker ephippia at colder temperatures and lighter ephippia at warmer temperatures. Because temperature affects the rate at which a female molts, this pattern suggests that the amount of time the ephippia is carried by the female influences pigmentation in the ephippial casing. As many of our populations inhabit thermally stratified lakes, the particular diel vertical migration pattern of each individual will influence development time of the ephippia, and therefore will likely interact with genetic and maternal effects to influence final ephippial pigmentation.
It is clear that ephippial pigmentation varies significantly both within and among natural populations of D. pulicaria. The natural distribution of pigmentation is likely determined both by differences in clonal composition across systems, and by differences in lakespecific environmental factors. The fact that melanin production is advantageous under certain conditions in adult Daphnia despite the energetic costs associated with melanin production (Hessen, 1996; Rautio & Korhola, 2002) and the potential increase in predation rates on females carrying darkly pigmented ephippia (Mellors, 1975) suggests that there is likely also some benefit conferred to darkly pigmented ephippia under certain conditions. It is, of course, possible that this observed variation in pigmentation has no direct fitness consequences, but the experimental evidence that is currently available suggests that at the very least the predation rate on these ephippia varies with ephippial pigmentation (Mellors, 1975; Gerrish, 2001) . Now that the underlying distribution of pigmentation has been documented, future studies that focus directly on the potential factors that promote darker pigmentation and the potential fitness consequences are the necessary next step in understanding the causes and consequences of that variation.
